Subject of our present paper is the analysis of the origins or historical roots of the Higgs boson research from a bibliometric perspective, using a segmented regression analysis in combination with a method named reference publication year spectroscopy (RPYS). Our analysis is based on the 
Introduction
On 4 July 2012 the European Organization for Nuclear Research (CERN) announced the observation of a heavy particle around 126 MEV which is supposed to be consistent with the long-sought Higgs boson [1] . The magazine Science dedicated several articles to this discovery calling it "the breakthrough of the year" [2] . Even in public newspapers the event was published as the discovery of "God's particle", a name which referred to the title of a book by the Nobel Prize winner Leon Lederman [3] . In March 2013, the detection of the Higgs boson was confirmed by CERN [4] . In October 2013, Peter Higgs and Francois Englert were awarded the Nobel Prize for Physics for their contributions to the standard model of elementary particle physics and the prediction of the boson named after Higgs.
Since the beginning of the 20th century, when Rutherford developed his first atom model, the theory of fundamental particles and their interactions has been a hot topic in physics. One important breakthrough was the development of the unified electromagnetic and weak interaction. Among other ideas, this was based on the concept of broken symmetries and a mechanism for the provision of mass to the otherwise massless vector bosons of the weak interaction, the so-called Higgs mechanism. In 1964, papers on the subject of symmetry breaking and the possibility to create masses for gauge bosons of the weak interaction had been published independently by three research groups (Englert and Brout, [5] ; Higgs, [6, 7] ; Guralnik, Hagen, and Kibble, [8] ). According to Close [9] , only Higgs "drew attention to the consequential existence of a massive scalar particle, which now bears his name" (p. 141). The other researchers did not mention this boson since "it was obvious" (p. 164. Later, the corresponding field, the mechanism, and the boson were named after Peter Higgs. A few years later, Weinberg [10] and Salam [11] showed that the electromagnetic and weak interactions could be combined into a single theory of the electroweak interaction based on the breakthrough of the Higgs mechanism. At this time they were not aware that Glashow [12] had already developed a theory to solve this problem.
Subject of our present study is the research history of the Higgs boson from a bibliometric perspective.
Bibliometric analyses are usually intended to measure the impact of research and they are based on a publication set comprising the publications of a researcher, a research institution, or a journal.
Research performance can be measured by analyzing citation counts of the publications of such sets.
Recently, it has been proposed to reverse the perspective of this classic citation analysis from a forward view on the overall citation impact of publications to a backward view on the major contributions to a specific research field [13] . In the latter case the cited references within the publications of a given research field are analyzed in order to determine the importance (the relative "weight") of specific papers, authors, and journals within that field and to quantify their significance.
In a previous analysis, Marx et al. [14] have proposed a method to detect the origins or historical roots of research fields by using this backward view of a cited reference analysis. In analogy to classic spectroscopy which shows physical phenomena as peaks in a spectrum, the new method has been named reference publication year spectroscopy (RPYS) . RPYS implies to analyze the publication years of the references cited within the body of publications of a specific research field. Major contributions (single frequently referenced publications) appear as prominent peaks in the time series regarding the frequency of the cited references as a function of their publication years (RPYs). As a rule, these few publications are the origins or historical roots of the research field in question.
In this study we identify the origins or historical roots of the Higgs boson research from the perspective of the cited references within the publications of this research field using the segmented regression analysis in the RPYS for the first time. We discuss the results of the RPYS against the backdrop of literature reviews on this field as written, for example, by Close [9] and Bleck-Neuhaus [15] .
Physical Background of Higgs Boson Research
Nature consists of two different types of particles: fermions ("matter") and bosons ("radiation").
Fermions have to occupy different quantum states with the consequence that it is not possible to have two fermions with exactly identical quantum numbers. Examples of fermions are electrons, protons, and neutrons. Bosons, on the other hand, are not subject to such a restriction and they may occupy identical quantum states. The photon ("light") is a boson with zero mass and it is responsible for the electromagnetic interaction. In the second half of the 20 th century, the standard model evolved as the fundamental model of elementary particle physics. It describes three of the four fundamental forces of nature, i.e. electromagnetic, weak, and strong interactions together with the corresponding subatomic particles. So far, gravitation could not be included in this description.
In the standard model the fundamental particles are divided into the three families of fermions (6 leptons and 6 quarks) and the bosons responsible for the electromagnetic (photon), the weak (W 
Methods

Data
Our analysis is based on the search and retrieval in the database SCISEARCH accessible via STN For the RPYS it was necessary to clean the dataset (cited references downloaded from SCISEARCH) with regard to variations of one and the same reference. The references included in citation databases are marginally standardized. In particular, the names of the cited journals may appear written out or may be cited in many possible abbreviations. Furthermore, many references are erroneous (e.g.
incorrect with regard to the numerical data: volume, starting page, and publication year) [16] . The decisive publication of Abdus Salam (1968) [11] in the Higgs boson research published in the Proceedings of the Nobel Symposium is a good example: After collecting all the varying references of this publication, the number of cited references increased from 261 of the most referenced variant to 481 of all variants.
Statistical procedure
In the RPYS of this study, the annual numbers of cited references in the Higgs boson literature were evaluated statistically by regression analysis. To determine different segments of the growth development of cited references within the time series, we used a segmented regression analysis [17] [18] [19] [20] [21] . For the analysis, the number of cited references within a year was determined as dependent variable and logarithmized (ln(y)). To eliminate short-term deviations in the time curve of the annual number of cited references, a moving average over five years was calculated. Within the single segments which could be identified by using regression analysis, the references with a high reference volume were fixed. We suppose that these publications are the origins or historical roots of the Higgs boson research field. 
Results
The results of the segmented regression analysis are shown in table 1. Given the low proportion of residual variance, autocorrelation of the residuals are not of importance. The five segments resulting from the breakpoints in table 1 are as follows: 1900-1915, 1916-1936, 1937-1942, 1943-1949, and 1950-1990 . As the growth constants in table 1 show, we have two growth periods within the five segments (1916-1936 and 1950-1990 ) with a similar growth rate of 13 to 14% interrupted by a break in 1937-1949. This break is caused by the decline of scientific activity around the Second World War. Figure 2 shows the fitted segmented regression curve. The exponential increase of the annual number of cited references in the five segments identified is the result of two concurrent phenomena. The first phenomenon is the growth of scientific literature: The scientific publications -especially in natural sciences -increased approximately by a factor of hundred throughout the 20th century [16] . In the first half of the 20th century the number of researchers in natural sciences was relatively small.
Correspondingly, the number of ensuing publications was low, as reflected in the number of publications for these years [24] . The second phenomenon is named aging (obsolescence, replacement, or oblivion) which means that the interest for scientific papers decreases as time went by [25, 26] . Scientists get especially back to publications of recent years and rarely cite publications which had been published many years ago. Although Englert & Brout (1964, no. 9) [5] were the first to describe the new field and the mechanism of symmetry breaking, Higgs [7] was the only one to mention the creation of a massive scalar boson as a result of this process. Hence, his name has been associated with the field, the mechanism, and the boson. The paper by Guralnik et al. [8] , which was published shortly after the other papers had appeared in 1964 (no. 12), could include references to the other three papers. Together, the four papers contribute with 1,568 out of 1,979 references (79%) to the distinct peak in 1964 in figure 2. The
Higgs mechanism was further developed by Higgs (1966 [35] . Salam [11] had worked independently of the other authors on a unification of these two fundamental forces (electromagnetic and weak interaction). He presented his work at a conference in Sweden where it was published in the proceedings of the Nobel Symposium [11] .
Glashow, Weinberg, and Salam shared the Nobel Prize for Physics in 1979 "for their contributions to the theory of the unified weak and electromagnetic interaction between elementary particles, including, inter alia, the prediction of the weak neutral current" [36] . A prove for the renormalizability of the theory of electroweak interaction was given later by t'Hooft and Veltman (1972, no. 94 in Appendex A) [37] for which they shared another Nobel Prize in 1999 "for elucidating the quantum structure of electroweak interactions in physics" [38] .
Since 1976, further frequently referenced publications have been identified by the RPYS (see table 2 ).
Two of these papers (Nilles, 1984, no. 22; Haber, 1985 , no. 23) [39, 40] are extensive reviews. This indicates that since the mid-eighties the Higgs boson theory has become a major research field which can serve as a basis for a literature summary in form of reviews. With regard to the relatively high reference counts of both reviews, it should be considered that reviews compared to classic articles are referenced above average [41] . The other papers in the Finally, it should be noted that P.W. Anderson (1963) [45] was the first who discussed the possibility that photons could gain mass by entering a plasma or a superconductor [9, p. 135 ff]. In the theory of superconductivity there is no Goldstone boson present and the photon acts as if it has gained a mass.
Anderson [45] concluded that Goldstone's argument might not be valid for all cases. However, the theory of superconductivity is a non-relativistic theory and part of solid state research while particle physics is founded on special relativity. Hence, Anderson's paper did not get enough attendance in the particle physics community (13 refs. in Higgs Boson research).
Discussion
Subject of our present paper is the analysis of the origins or historical roots of the Higgs boson research from a bibliometric perspective, using a segmented regression analysis in a RPYS. Our analysis is based on the references cited within the Higgs boson publications published since 1974.
The objective of our analysis consists of identifying concrete individual publications in the Higgs boson research context to which the scientific community frequently had referred to. As a consequence, we were interested in seminal works which contributed to a high extent to the discovery of the Higgs As a result of this study, the historical publications which have been cited most frequently by Higgs boson researchers could be identified. However, we cannot act on the assumption that all important publications can be identified by RPYS. Intellectual influences are not always manifest in cited references. Therefore, experts in the field are needed to complete data and information where appropriate. The RPYS method reveals the historical publications potentially relevant for the evolution of a specific research field which could be taken into consideration when its history is reviewed.
According to ref. [46] , bibliometric methods like RPYS are "no substitute for extensive reading and fine-grained content analysis, if someone is truly interested in the intellectual history of a field" (p. 
